Pulmonary hypertension in the newborn has been associated with a number of different clinical entities, including meconium aspiration, pneumonia, asphyxia, respiratory distress syndrome, and precocious muscularization of the pulmonary arteries. Alveolar capillary dysplasia (ACD) with misaligned pulmonary veins is an exceedingly rare and apparently lethal cause of persistent pulmonary hypertension of the newborn (PPHN), previously reported in the literature in only 21 cases. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The final diagnosis in the majority of these cases could be made only after microscopic pathologic examination of the lung on autopsy. However, recent reports have described open lung biopsy as a diagnostic alternative. 8 -10 Although open lung biopsy could provide an opportunity for antemortem diagnosis of this lethal condition, this surgical procedure can be dangerous and may lead to multiple complications including pneumothorax and hemorrhage; therefore, it may be inadvisable in the critically ill neonate.
A less invasive diagnostic procedure to identify ACD would not only avoid the serious complications associated with open lung biopsy, but could be accomplished earlier in the course of intensive care. This could help to obviate the need for a lengthy, costly, and ultimately futile course of intensive care, potentially including one or more courses of extracorporeal membrane oxygenation (ECMO). We present three cases of infants with fatal PPHN refractory to ECMO, two with autopsy-proven ACD, and each with a distinct cardiac angiography finding of absent capillary blush phase. This finding may present a novel, less invasive method of diagnosis for this lethal condition.
Case 1: Baby Girl S Baby Girl S was a term infant, born by normal spontaneous vaginal delivery at an outside hospital, with Apgars of 9 at 1 minute and 9 at 5 minutes. At ϳ19 hours after birth, oxygen saturations by pulse oximetry were 80% to 90% in room air and oxygen hood was begun. A complete blood count with differential was unremarkable, and antibiotic therapy was started. After an apneic spell, the infant was intubated, requiring FIO 2 of 1.0, and transported to an outside neonatal intensive care unit (NICU). Chest x-ray revealed clear lung fields and normal heart size. Echocardiography revealed at least three pulmonary veins draining to the left atrium and otherwise normal anatomy. Baby Girl S soon deteriorated, with dropping blood pressure and deep desaturations requiring dopamine infusion as well as multiple doses of crystalloid, colloid, and NaHCO 3 . High frequency oscillatory ventilation was attempted on two occasions without a favorable response. Repeated desaturations occurred, and transport to our NICU was arranged for possible ECMO.
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On arrival at our NICU at 52 hours of life, Baby Girl S had another cardiac echo revealing suprasystemic right ventricular pressure and normal anatomy. After informed consent was obtained, the infant was enrolled in an inhaled nitric oxide (iNO) protocol and "study gas" was administered. Oxygen saturations transiently improved, but desaturations soon recurred. At 54 hours of life, she was placed on venoarterial ECMO. The ECMO course was unremarkable. A transesophageal echocardiogram performed on ECMO day 4 demonstrated all four pulmonary veins draining in the left atrium. Baby Girl S was decannulated after 103 hours of ECMO and was transferred back to the referring hospital the following day.
At ϳ30 hours after her return to the outside hospital, Baby Girl S began to have desaturation episodes that responded only to manual ventilation with FIO 2 of 1.0. Prostaglandin E 1 infusion was started at 80 ng/kg per minute. Transient improvement to a PaO 2 of Ͼ170 mm Hg was achieved with hyperventilation to arterial CO 2 tensions of 15 to 25. Complete blood count and differential were unremarkable, and antibiotics were restarted. The patient was transferred back to our NICU, where she remained on dopamine, prostaglandin E 1 , and high ventilator settings. She was placed on iNO at 20 parts per million on a compassionate use basis, achieving only borderline improvement in oxygenation. The infant was taken to the catheterization lab to rule out anatomic reasons for pulmonary hypertension.
Catheterization findings. Catheterization revealed elevated right atrial phasic and mean pressures. Right ventricular peak systolic pressure was Ͼ75% of the systemic systolic pressure. Pressures in the left and main pulmonary arteries were nearly systemic, and on occlusion of the patent ductus arteriosus, the main pulmonary artery pressure rose above systemic pressure. Pulmonary blood flow was calculated to be significantly decreased, and pulmonary resistance was severely elevated. Angiography revealed normal intracardiac anatomy without evidence of anomalous pulmonary venous return or pulmonary venous obstruction. However, secondary, tertiary, and distal pulmonary artery branches were noted to be sparse and pruned, and blush phase was noted to be absent. This absent blush phase is not seen in other infants with pulmonary hypertension (see Figures 1 and  2 ). Diagnosis was uncertain, but ACD was considered likely ( Figure  3 ). Over the next 24 hours, Baby Girl S deteriorated rapidly. In light of continued deterioration in the face of escalation of intensive care, including iNO to 80 parts per million, and extremely grave prognosis, the decision was made to discontinue intensive care support. Autopsy consent was obtained.
Autopsy findings. A complete autopsy was performed that showed no external dysmorphism and revealed no significant abnormalities apart from the lungs. Grossly, lungs were moderately congested. Histologic examination revealed misalignment of the pulmonary veins, with veins accompanying muscular pulmonary arteries in the same adventitial sheath (Figure 4 ). In addition, the alveolar wall was exceptionally abnormal, with grossly increased interalveolar spaces. A marked decrease in capillaries was noted, as well as an absence of capillary interface with alveolar epithelium ( Figure 5 ). The diagnosis of ACD with misaligned pulmonary veins was made.
Case 2: Baby Girl M Baby Girl M was born at a local community hospital at 37 weeks' gestation. Apgars were 8 at 1 minute and 9 at 5 minutes. Soon after delivery, the infant began grunting, flaring, and retracting and was brought to the hospital's level 2 NICU, where evaluation included an unremarkable complete blood count and a chest x-ray that revealed hazy lung fields with a reticulogranular pattern bilaterally. Antibiotics were begun, but the infant began to have pronounced oxygen desaturations requiring intubation and administration of colfosceril palmitate (Exosurf) at ϳ2 hours of age, followed by immediate transport to a local level 3 NICU. There, the infant was extremely labile, requiring hyperventilation, dopamine, and colloid boluses. Echocardiography revealed no right to left shunting at the atrial or ductal level, and a flat ventricular septum. As the infant continued to deteriorate despite maximal medical therapy, the infant was transferred to our ECMO center at 30 hours of age.
On arrival at our NICU, Baby Girl M's echocardiogram revealed qualitatively normal myocardial function on dopamine at 7 g/kg per minute, near-systemic right ventricular pressure, and normal anatomy. The infant continued to be extremely labile, even with sedation and paralysis, experiencing frequent episodes of profound hypoxia requiring manual ventilation. Administration of beractant did not result in improvement of oxygenation, nor did iNO therapy, which was administered per protocol after informed consent was obtained. Therefore, the patient was placed on venovenous ECMO at ϳ38 hours of age. Beractant was continued; three doses were administered. Baby Girl M had an unremarkable venovenous ECMO course and was decannulated on ECMO day 6.
Ventilator pressures and sedation were slowly decreased. However, at ϳ38 hours after decannulation, Baby Girl M deteriorated dramatically. Marked alkalosis, increased ventilator pressures, FIO 2 of 1.0, and compassionate use of iNO at 80 parts per million were required to achieve marginal oxygenation. Bacterial or viral infections were considered but thought to be unlikely because of normal complete blood count results and C-reactive protein levels. Bacterial and viral cultures were sent, and the patient was started on antibiotics. Blood and endotracheal aspirate samples were sent to outside laboratories for diagnostic studies for surfactant protein B deficiency, which later returned negative. Beractant was administered pending these results, with little response. ACD was considered and was thought to be the most likely diagnosis. However, although unlikely, to rule out any possibility of missed cardiac anomaly on echocardiogram, Baby Girl M was taken to the cardiac catheterization lab.
Catheterization findings. Pressures in the right ventricle and main pulmonary artery were suprasystemic. Angiography revealed normal intracardiac anatomy, without evidence of obstruction or anomalous pulmonary venous return. A patent ductus arteriosus and a slightly small left pulmonary artery with normal secondary branches were noted. Contrast refluxed to reveal a confluent right pulmonary artery. On left pulmonary artery wedge (LPAW) angiography, an absent blush phase was demonstrated ( Figure 6 ). Subsequent frames revealed normal venous return. The patient's grave condition and likely diagnosis were again discussed with the family, and intensive care was withdrawn. Baby Girl M expired at 10 days of age, immediately after extubation. Autopsy was refused.
Case 3: Baby Boy C Baby Boy C was born by normal spontaneous vaginal delivery at a community hospital. Apgars were 6 and 9 at 1 and 5 minutes, respectively. Shortly after birth, the infant was noted to have some mild respiratory distress; chest x-ray revealed a spontaneous left pneumothorax. In addition, an imperforate anus was noted. The infant was treated with supplemental oxygen which resulted in improvement of his respiratory status. He was then transferred to a local level 3 nursery, where a colostomy was performed at 22 hours of age. Following elective intubation for the surgery, significant fluctuations in systemic oxygenation were noted, and the infant had an acute episode of desaturation on day 3 of life. The infant was hyperventilated with FIO 2 of 1.0 and started on a dopamine infusion for systemic blood pressure support. In addition, a trial of tolazaline was given without significant improvement in oxygenation. Despite these therapies, the infant remained hypoxemic, and transport to our NICU was arranged for consideration of ECMO therapy.
The infant was admitted to our NICU at 78 hours of age. Echocardiography revealed a patent foramen ovale and tricuspid regurgitation. The estimated mean pulmonary arterial pressure was systemic or suprasystemic. Over the next 36 hours, a variety of ventilatory maneuvers were attempted to improve oxygenation, without success. After informed consent was obtained, the infant was randomized to receive iNO or study gas. There was no improvement in the severe hypoxemia after 30 minutes, and the treatment gas was discontinued. The infant was placed on ECMO on day 5 of life. After 3 days of ECMO, the infant was weaned to low flows, but repeated attempts to discontinue ECMO failed because of severe hypoxemia and echocardiographic evidence of severe pulmonary hypertension. On day 16 of life, a pulmonary artery catheter was placed percutaneously to assist in the management of his pulmonary hypertension and mean pulmonary arterial pressure was found to be suprasystemic. iNO was then instituted on a compassionate use basis. Bypass support was temporarily discontinued during iNO when the infant had a brief period of decreased pulmonary artery pressure and an increase in PaO 2 . However, the mean pulmonary arterial pressure gradually increased, becoming suprasystemic with hypoxemia over several hours. ECMO support was resumed after 8 hours, and iNO was discontinued. On day 17 of life, cardiac catheterization was undertaken.
Cardiac catheterization findings. Catheterization revealed a markedly elevated suprasystemic pulmonary arterial pressure but normal intracardiac anatomy. The main pulmonary angiogram showed a normally positioned, markedly dilated main pulmonary artery, moderately sized proximal branch pulmonary arteries, and extreme pruning of the peripheral pulmonic vasculature. An absent blush phase was noted (Figure 7) . Subsequent frames demonstrated normal venous return. Over the next 6 days, a variety of vasodilators were attempted without improvement in the severe pulmonary hypertension and hypoxemia. After discussion with the family, ECMO support was withdrawn on day 23 of life. The infant expired shortly thereafter. Autopsy consent was obtained.
Autopsy findings. A complete autopsy was performed and the pertinent findings were restricted to the heart, lung, and gastrointestinal systems. Anal agenesis was noted, and the colostomy was perforate. No other abnormalities of the gastrointestinal tract were noted. ACD was noted, characterized by increased thickness of dilated alveolar walls, paucity of capillaries adjacent to air spaces, venous structures within bronchovascular bundles, and pulmonary arteriolar hypertensive changes.
DISCUSSION
First reported in 1981, 1 the diagnosis of ACD is characterized by a deficient alveolar capillary bed, such that the capillaries do not make contact with the alveolar epithelium. In addition, there is misalignment of the lung vessels, with the veins and arterioles anomalously related and often sharing the same adventitial sheath. [2] [3] [4] Infants with this disorder usually present within the first hours of life with respiratory distress, and rapidly fail conventional therapy. Approximately 50% of the patients reported to date have accompanying gastrointestinal (malrotation, volvulus, duodenal stenosis), genitourinary (bicornate uterus, hydronephrosis), or cardiovascular (cor triatriatum) anomalies. 5 These findings, along with the appearance of ACD in two sibling pairs, 6, 7 have led to the speculation that ACD is not a sporadic occurrence, but rather may have a genetic basis.
Treatment with iNO and ECMO has been described previously, 3,6,8 -11 but without success. Recent reports have presented transient improvement in PaO 2 with iNO therapy in infants later diagnosed with ACD, but responsiveness is rapidly lost. 10, 11 A single case report indicated that long-term, low-dose iNO after two courses of ECMO may be effective in prolonging survival. 11 Rare reports also indicate that the clinical presentation of ACD may occur after the immediate perinatal period. 6, 12 However, infants with this condition usually present with early severe respiratory failure requiring maximal medical intervention and have a rapid recurrence of symptoms of pulmonary hypertension after ECMO therapy has been discontinued, leading to death within hours to days. Tolazaline and prostacyclin treatment have also been reported, 1-3,5,9 -11 but without clinical success. Although rare, ACD is an important diagnosis to consider in cases of idiopathic PPHN in light of its devastating consequences. A review of the literature has identified several important characteristics shared by reported cases to date. All patients, with the exception of a single infant boy with an estimated gestational age of 36 weeks, 5 were born at full term, without complications. All were diagnosed with idiopathic PPHN, with no other predisposing risk factors for pulmonary hypertension such as meconium aspiration or sepsis. Many of the infants had other congenital anomalies. Perhaps most importantly, all but a few underwent a prolonged and intensive course of maximum therapy, in some cases including two ECMO courses.
Diagnosis of this lethal condition was previously limited to autopsy diagnosis. More recently, diagnosis by open lung biopsy has been described; 8 -10 however, this approach can prove difficult in critically ill and unstable infants, particularly in heparinized neonates on ECMO. A less invasive method of diagnosis would be desirable.
Our report presents a potentially diagnostic finding associated with ACD, but one that requires further investigation: absence of capillary blush phase on pulmonary angiography. Cardiac catheterization has been described in the diagnostic workup of many of the reported cases of ACD, but without specific description of the blush phase. Those reports have commented on the lack of significant congenital heart disease and the elevation of pulmonary artery pressures, and, in two reports, pruning or tortuosity of pulmonary vessels. 5, 6 Pulmonary hypertension in ACD is thought to be due to the striking reduction in intra-acinar capillaries, such that blood entering an acinus can only drain through the misaligned pulmonary veins without passing through a capillary bed. 5 This lack of blood flow through already reduced capillary beds would account for the markedly pruned appearance of vessels on pulmonary angiography as well as for the absence of the capillary blush phase. This theory would also explain distal pulmonary arteriolar muscularization, which could be caused by obstructive forces.
The consequences of delayed diagnosis of this lethal condition are substantial, both in terms of prolonged grief and anxiety of the family and in terms of the costs associated with ineffective and invasive procedures and therapies such as ECMO. The majority of cases of ACD are diagnosed at autopsy; it would be beneficial to infants and families to be able to diagnose this anomaly with an already frequently performed test. Although not without risks, diagnosis of ACD by cardiac catheterization could offer an early and less invasive alternative to open lung biopsy. Given the infrequency with which ACD is encountered, however, setting forth stringent criteria for diagnosis by cardiac catheterization will be extremely difficult. A rigorous review of catheterization results from previous known cases of ACD, as well as a prospective analysis of diagnoses in progress, is warranted to test the usefulness of this potentially diagnostic tool.
